Objective To describe scapular upward rotation during passive humeral abduction in individuals with hemiplegia post-stroke compared to normal subjects. Methods Twenty-five individuals with hemiplegia post-stroke and 25 age-and gender-matched normal subjects voluntarily participated in this study. Scapular upward rotation during resting and passive humeral abduction at 30°, 60°, 90°, 120°, and 150° were measured using a digital inclinometer. Results In both groups, scapular upward rotation significantly increased as humeral abduction increased (p<0.001). Scapular upward rotation was significantly less in the hemiplegic group compared to that in the control at 90° (p=0.002), 120° (p<0.001), and 150° of humeral abduction (p<0.001). The mean difference in scapular upward rotation between these two groups ranged from 6.3° to 11.38°. Conclusion Passive humeral abductions ranging from 90° to 150° can significantly alter scapular upward rotation in individuals with hemiplegia post-stroke compared to those of matched normal subjects. The magnitude of reduction of the scapular upward rotation may potentially lead to the development of hemiplegic shoulder pain after prolonged repetitive passive movement. Scapular upward rotation should be incorporated during passive humeral abduction in individuals with hemiplegia post-stroke, especially when the humeral is moved beyond 90° of humeral abduction. Combined movements of scapular and humeral will help maintain the relative movement between the scapula and humerus. However, further longitudinal study in patients with shoulder pain post-stroke is needed to confirm these findings.
INTRODUCTION
Hemiplegic shoulder pain (HSP) is one of the most common and disabling complications observed in individuals with hemiplegia post-stroke. The occurrence of HSP varies largely between studies, ranging from 16% to 84% [1] . Most patients develop HSP within the first 2 months post stroke [2] . The etiology of HSP includes adhesive capsulitis (50%), shoulder subluxation (40%), rotator cuff tears (22%), and complex regional pain syndromes (16%) [2] . Development of HSP has been shown to negatively impact rehabilitation of the affected arm, resulting in impaired activities of daily living [3, 4] , prolonged hospital stays [5] , and delayed functional recovery and quality of life. Reduced passive range of motion of the shoulder particularly in abduction, impaired motor function, and longer duration post stroke have been shown to increase the risk for HSP [6] [7] [8] . Therefore, shoulder function and range of motion must be improved and maintained. Evidenced-based treatment and prevention of HSP in individuals with hemiplegia are needed [9] .
Passive range of motion exercise (PROME) of the shoulder must be performed correctly to minimize the risk of developing HSP [2] . Many individuals with hemiplegia post-stroke have limited ability to move the affected arm actively. For these individuals, PROME of the affected arm becomes a primary means to maintain shoulder mobility, prevent muscle contracture, and reduce shoulder pain [10] [11] [12] . During PROME of the shoulder, the rehabilitation clinician manually supports the affected limb just above the elbow and at the wrist. The rehabilitation clinician then moves the patient's affected limb away from the body through available range [11] [12] [13] . Normally, about 60° of scapular upward rotation is needed to complete 180° shoulder abduction. In individuals with hemiplegic post-stroke with very weak muscles and abnormal muscle tone, the scapula and its movements are neglected during passive humeral motions. The scapula may not be upward rotated appropriately. Therefore, the glenoid fossa will not elevate sufficiently and the inferior glenohumeral ligament (IGHL) will be stretched as the humerus abducts [14] . This condition may eventually cause the humerus to impinge against the coracoacromial ligament in person without neurological deficit [15] . Therefore, relative motion between the scapula and humerus is needed to maintain the stability of the glenohumeral joint [13] . However, there is no previous evidence to confirm the movement of scapula during passive shoulder abduction in individuals with hemiplegic poststroke. Understanding scapular motions during shoulder PROME is an essential component of successful treatment strategy to minimize the risk of developing HSP in individuals with hemiplegia post-stroke.
In individuals with normal shoulders, shoulder PROME has been shown to alter the relative motion between the scapula and the humerus or scapula-humeral rhythm [16, 17] . Significantly less overall scapular upward rotation has been observed in the scapular plane or scaption as compared to the active scaption during passive humeral elevation [16, 17] . However, differences in scapular upward rotation between active and passive scaption vary between studies [16] [17] [18] . Price et al. [18] and Ebaugh et al. [16] have reported no significant differences in scapular upward rotation between active and passive scaption during 0°-90° humeral scaption. However, during 90°-160° humeral scaption, significantly less scapular upward rotation has been noted during passive scaption compared to that during active scaption [16] . In contrast, significantly less scapular upward rotation during 0°-80° passive scaption and more upward rotation during 90°-130° passive scaption compared to those during active humeral scaption are noted [17] . Despite such betweenstudy differences in scapular upward rotation observed between active and passive humeral scaption, results of these studies suggest a significant effect of soft tissue tension generated during arm elevation on the magnitude and timing of scapular upward rotation.
Currently, there is little evidence regarding scapular motions during passive humeral abduction in individuals with hemiplegia post-stroke. Tyson and Chissim [12] have compared two different arm handling methods during passive humeral flexion in individuals with hemiplegia post-stroke. Holding the affected arm near the axilla and maintaining humeral external rotation has resulted in a significantly greater range of shoulder flexion as compared to holding the wrist alone. However, scapular motions during passive humeral flexion are not reported [12] . Hardwick and Lang [13] have reported that scapular upward rotation and humeral external rotation during person-active-assisted shoulder flexion are significantly less in individuals with hemiplegia post-stroke as compared to those of normal controls. Collectively, these re-www.e-arm.org sults further suggest that muscle tension may play a significant role in scapular upward rotation during shoulder PROME.
Limitation of passive humeral abduction is known to a significant risk factor for developing HSP [8] . However, current knowledge of scapular motions during passive shoulder abduction is limited. Thus, the purpose of this study was to describe scapular upward rotation during PROME of shoulder abduction or passive humeral abduction in individuals with hemiplegia post-stroke compared to age-and gender-matched normal controls. It was hypothesized that as the range of passive humeral abduction increased, the magnitude of scapular upward rotation would also increase. However, the increase in upward scapular rotation would be less in individuals with hemiplegia post-stroke as compared to that in normal controls. Scapular upward rotation is known to be the predominant scapular motion during shoulder abduction [19, 20] . Thus, scapular upward rotation was focused in this study. In contrast, compared to upward rotation, scapular tilt and internal and external rotation are relatively small in range. They are considered as secondary and accessory scapular motions, respectively [19, 20] .
MATERIALS AND METHODS

Participants
Sample size calculation was determined from a pilot study using the magnitude of scapular upward rotation at 30°, 60°, 90°, 120°, and 150° as the primary outcome. The effect size ranged from 0.94 to 1.53. Using the lowest effect size of 0.94, a power of 0.8, and a significance level of 0.05, the number of subjects needed for each group was 23. Twenty-five individuals with hemiplegia post-stroke were recruited from physical therapy departments of hospitals in Chiang Mai and Samutprakarn provinces of Thailand. The inclusion criteria for all participants were: (1) no shoulder pain for at least 3 months prior to data collection, and (2) passive shoulder flexion and abduction equal to or greater than 150°. For individuals with hemiplegia post-stroke, they must be able to sit unsupported for at least 5 minutes. The strength of the shoulder and scapular muscles of the affected arm was graded between zero to one on manual muscle testing. Exclusion criteria for all participants were: (1) having any history of injury or surgery to the arm, (2) upper thorax or back that might affect the scapula-humeral rhythm, and (3) marked thoracic kyphosis or scoliosis.
Of 25 individuals with hemiplegia post-stroke, 15 of them had less than normal muscle tone of the shoulder. They were classified as the flaccid group. The remaining ten subjects had minimally increased muscle tone of shoulders, similar to those classified as having 1 to 1+ Modified Ashworth Score. They were assigned to mildly spastic group. Twenty-five healthy subjects who were age-and gender-matched to subjects in the flaccid and mildly spastic group served as controls. Posture of the thorax is known to affect the scapular motion [21, 22] . Thus, these subjects were also matched for thoracic kyphosis. Characteristics of participants in this study are summarized in Table 1 Independent t-test.
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The Saunders Group Inc., Chaska, MN, USA) with a bubble level affixed to it was used to measure scapular upward rotation during passive humeral abduction. This instrument was selected due to its reliability to measure upward rotation position [23, 24] and its validity for measuring scapular upward rotation against a sophisticated electromagnetic tracking system [23] .
Procedure
To measure scapular upward rotation, a minimum of two assessors participated in each data collection session. The first author (JR) measured the scapular upward rotation positions in all subjects while the other assessor assisted in passive humeral abduction. During data collection, each participant sat on a modified chair with a sternal support to stabilize the body to maintain participant's posture (Fig. 1A) . Two round one-centimeter markers were placed on the medial end of the spine of the scapula and at the posterolateral end of the acromion process. These two markers formed a scapular spine line (Fig. 1C) . The angle between the scapular spine line and a horizontal reference line was used to identify scapular upward rotation. In resting position, scapular upward rotation was measured when the tested arm was at the side of the body. After resting trials, a few trials of passive humeral abduction were performed to ensure that subjects relaxed their tested arm during passive movement prior to measurement. The tested arm was then passively moved to 30° of humeral abduction using a gravitational goniometer (Fig. 1A) . The scapula's markers were moved to the new position while the participant' arm was held steadily by a second assessor. Again, the scapular upward rotation position was recorded using a modified digital inclinometer [23] (Fig. 1B, 1C ). The same procedure was then repeated at 60°, 90°, 120°, and 150° of humeral abduction. Two trials of data collection were performed at each angle with a 5-minute rest between trials. Data of these two trials were averaged and used for statistical analysis.
Statistical analysis
Intra-rater reliability and standard error of measurement (SEM) of scapular upward rotation were estimated using data obtained from 25 normal subjects. Intraclass correlation (ICC [3, 2] ) was used to identify intra-rater reliability of scapular upward rotation at each passive humeral abduction position. ICC and pooled standard deviations were then used to estimate SEM [25] .
Initially, a mixed analysis of variance (ANOVA) was used to identify differences in scapular upward rotation between flaccid and mildly spastic groups. Results showed neither significant (p>0.05) main group effects nor group by humeral position interactions. Therefore, data of these two groups were combined and compared to those of the normal control group. As a result, a mixed ANOVA (2 groups×6 humeral positions) was performed for final data analysis. The significance level was set at 0.05. A Bonferroni adjustment was used for post-hoc analysis. All statistical analyses were performed using SPSS version 22.0 (IBM Corp., Armonk, NY, USA).
RESULTS
There was no significant difference in age, height, weight, or kyphosis index between the stroke group and the control group (Table 1) .
Intra-rater reliability and standard error of measurement ICC [3, 2] was used to identify intra-rater reliability of scapular upward rotation measured using a digital inclinometer. The ICC [3, 2] of scapular upward rotation dur- www.e-arm.org ing passive humeral abduction ranged from 0.91 to 0.95 (Table 2 ). SEM ranged from 1.33° to 1.96° (Table 2) . These results indicated good to excellent intra-rater reliability [25] in our measurements of scapular upward rotation using a digital inclinometer. The error of measurement was less than 3°.
Scapular upward rotation during passive humeral abduction Scapular upward rotation increased during passive humeral abduction from resting to 150° in all four groups (Figs. 2, 3) . A mixed ANOVA was conducted to compare scapular upward rotation positions between flaccid and mildly spastic groups across six humeral abduction positions. There were no significant main effects of group (F(1,23) Specifically, scapular upward rotation was significantly greater for the higher humeral abduction position compared to that for the lower one (Fig. 2) . Because there were no significant group or interaction effects, data of these two hemiplegic groups were then combined and compared to the control group.
When hemiplegic and control groups were compared, there were significant main effects of group There was no statistically significant difference between the flaccid group and the mildly spastic group. There was a significant difference in scapular upward rotation when compared between humeral positions. *p<0.001.
www.e-arm.org of passive humeral abduction (Fig. 3, Table 3 ). The mean difference in scapular upward rotation between these two groups noted during passive humeral abduction from 90° to 150° ranged from 6.3° to 11.38° (Table 3) .
DISCUSSION
This study aimed to identify scapular upward rotation during PROME in the abduction direction in individuals with hemiplegia post-stroke. It was hypothesized that scapular upward rotation during passive humeral abduction would increase as the humeral abduction angle increased. Scapular upward rotation during passive humeral abduction in individuals with hemiplegic poststroke was also hypothesized to be significantly less than that of age-and gender-matched control subjects. Our results confirmed both hypotheses. As the angle of passive humeral abduction increased from 0 to 150°, scapular upward rotation increased in both groups. When the affected arm was at and above 90° of shoulder abduction, individuals with hemiplegic with flaccid and mildly spastic of the shoulder demonstrated significantly less scapular upward rotation compared to that of match-controls. Additionally, between-group differences in scapular upward rotation were 6°-11°, beyond the error of measurement observed in our study. These results signify the need to incorporate scapular upward rotation during passive humeral abduction in individuals with hemiplegic post-stroke.
To our knowledge, this is the first study to demonstrate differences in scapular upward rotation during passive humeral abduction in individuals with hemiplegia poststroke compared to gender-and age-matched controls. These results add to the body of knowledge related to scapular movement during shoulder PROME in individuals with hemiplegia post-stroke. Since a decrease in range of passive shoulder abduction has been shown to be a significant risk factor of developing HSP [8] , the ability to improve or maintain shoulder abduction range of motion is of importance for patients with hemiplegic poststroke. Inability to achieve sufficient scapular upward rotation required for arm abduction may lead to abnormal scapulohumeral rhythm, resulting in shoulder injury and pain [2] . Identification of differences in scapular upward rotation during passive humeral abduction will allow rehabilitation clinicians to use a better handling method to incorporate scapular upward rotation during passive humeral abduction in individuals with hemiplegia poststroke. Comparisons of scapular upward rotation at resting and during passive humeral abduction at 30°, 60°, 90°, 120°, and 150° between the control group and the hemiplegic group. Error bars indicated standard errors of the means. Scapular upward rotation was significantly less at 90° (p=0.002), 120° (p<0.001), and 150° (p<0.001) of passive humeral abduction in the hemiplegic group compared to the control group. *p<0.05.
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Although this study utilized a simple method to measure scapular upward rotation, this method has been shown to be reliable and valid. In our study, good to excellent intra-rater reliability was found based on our ICC [3, 2] values of 0.90 to 0.95 and small error of measurement (<3°). Our data were also consistent with other studies [23, 24] . Additionally, this method has good to excellent validity against a sophisticated electromagnetic tracking system to measure scapular upward rotation [23] . Given the reliability, small error of measurement, and validity of the method, we believe that between-group differences in scapular upward rotation of 6°-11° observed during 90°-150° of passive humeral abduction are not only statistically significant, but also beyond the error of measurement of this study. They have significant clinical implications.
As expected, scapular upward rotation increased as the humerus was passively abducted in both hemiplegic and normal control groups. This result is consistent with a previous study showing an increase in scapular upward rotation during passive humeral scaption in normal subjects [16] [17] [18] and during active-assisted arm flexion performed by individuals with hemiparetic arm [13] . Magnitudes of scapular upward rotation during passive humeral abduction in individuals with hemiplegia poststroke observed in this study are also consistent with those observed during active-assisted humeral flexion in individuals with hemiplegia post-stroke [13] . However, magnitudes of scapular upward rotation during passive humeral abduction in the normal control group are lower than those observed during passive humeral scaption [16, 18] . These differences in the magnitude of scapular upward rotation can be attributed to differences in the amount of muscle activation used in different types of exercise. It is reasonable to assume that activation of the muscle responsible for scapular upward rotation is greater during person-active-assisted shoulder flexion [13] compared to that during passive shoulder PROME used in our study.
Scapular upward rotation during passive humeral abduction in individuals with hemiplegia post-stroke was significantly less than that in normal subjects when the humerus was at or above 90° of abduction. Previous studies comparing scapular motions during passive and active scaption in healthy subjects [16, 17] have suggested that active tension generated by muscle contraction and passive tension provided by muscle tone with capsuloligamentous structures can contribute to scapular resting position and motion during arm elevation. Impaired muscle tone and activation in individuals with hemiplegia post-stroke are likely to affect scapular motion during passive humeral abduction. Our results of less scapular upward rotation during passive humeral abduction in individuals with flaccid and mildly spastic arm post-stroke compared to normal controls support the role of impaired muscle tone in the reduction of scapular upward rotation during passive arm abduction.
Reduction in scapular upward rotation observed during passive humeral abduction may contribute to HSP in individuals with hemiplegic post-stroke. During active humeral elevation, scapular upward rotation serves to provide stability to the glenohumeral joint and maintain sufficient suprahumeral space [26] [27] [28] . Insufficient suprahumeral space observed during passive humeral elevation may lead to shoulder impingement syndrome and rotator cuff tear [26] [27] [28] . Our results demonstrated that on average, scapular upward rotation during passive humeral abduction was 6°-11° less in individuals with hemiplegia post-stroke than that in matched controls. Although our study did not compare scapular upward rotation during passive humeral abduction to that during an active abduction, previous studies in healthy subjects indicated significantly less scapular upward rotation during passive humeral scaption compared to that during active scaption [16, 17] . Taken together, our results suggest that reduction in scapular upward rotation during passive humeral abduction may be even more substantial compared to that of normal controls during an active abduction. As a result, a considerable reduction in scapular upward rotation of 6°-11° observed during passive humeral abduction in individuals with hemiplegic post-stroke signifies a potential for narrowing of the suprahumeral space that may lead to a development of shoulder impingement in the future [29] . However, further studies on patients with hemiplegic shoulder pain are needed to confirm this contention.
Reduction in scapular upward rotation observed during passive humeral abduction may also affect the integrity of soft tissues supporting the glenohumeral joint. During humeral abduction, scapular upward rotation allows the capsule and ligaments around the glenohumeral joint and scapulohumeral muscles to maintain the length and www.e-arm.org tension. It has been shown that the IGHLexperiences the most tension at 90° of humeral abduction [30] . However, a significant decrease in scapular upward rotation observed during passive humeral abduction at 90° and above is likely to place the IGHL at risk of being overstretched. Over time, repetitive over-stretching of the IGHL may contribute to an inferior instability and subluxation of the shoulder and pain [30] , particularly in the absence of muscular control as observed in individuals with flaccid and mildly spastic arm post stroke.
To minimize the potential for developing of HSP in individuals with hemiplegia post-stroke, scapular upward rotation has been suggested to be incorporated into the shoulder PROME. Currently, methods used for manual PROME in individuals with hemiplegic post-stroke mostly neglect scapular motions [10] [11] [12] [13] . Based on results of this study, reduction of the scapular upward rotation during passive humeral abduction may predispose individuals with hemiplegic post-stroke to shoulder impingement and inferior stability, both of which can lead to HSP. Therefore, rehabilitation clinicians and caregivers may need to pay particular attention to scapular movement during passive humeral elevation. In our opinion, it is possible that a rehabilitation clinician can support the patient's affected arm around the elbow and forearm with one hand and use the other hand to grab onto the inferior angle of the scapula. The rehabilitation clinician can then move the scapula passively in an upward rotation direction as the arm is passively elevated. This maneuver must be practiced to ensure comfort and safety of patients.
In conclusion, this study demonstrated a significant decrease in scapular upward rotation during humeral abduction in individuals with hemiplegic post-stroke with very weak muscles and flaccidity or mild spasticity of shoulder muscles compared to healthy controls. The reduction in the scapular upward rotation was more pronounced during 90°-150° of humeral abduction. These results signify the need to incorporate scapular upward rotation during passive humeral abduction in individuals with hemiplegia post-stroke. To confirm benefits of these findings, a longitudinal study is needed to identify the development of HSP.
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